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ABSTRACT
New procedures are presented and existing procedures are reviewed to aid in the
measurement of properties related to performance of polyacrylamide solutions.Recently
the research interest of partially hydrolyzed polyacrylamide (HPAM) is increasing
because HPAM is broadly used in various industrial and commercial applications,
especially in oil and gas industry. Oscillation measurement tests were conducted to
characterize the viscosity behavior ofHPAM. In this project paper, a survey is given on
rheological properties of partially hydrolyzed polyacrylamide solution. Master solution
ofHPAM at 300, 500, and 700ppm and also diluted solutions which ranging from 10 to
50ppm are tested to find the rheological properties of HPAM. The result of hydration
time and concentration ofmaster and dilute HPAM were investigated as well. In order to
accomplish this project, research on the different concentration and the hydration period
will be conducted on how strength of polymer will affect the viscous and elastic
modulus behavior. Both master and dilute polymer solutions will be analyzed using
Bohlin Gemini 2 II rheometer at a closed room temperature of 25°C. These polymer
solutions were performed to make a comparative analysis of the results and the modulus
behavior profile are observed basedon the hydration period and concentrations given.
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CHAPTER 1: INTRODUCTION
1.1 Background ofStudy
Polymer flooding is well-known technique belongs to enhanced oil recovery (EOR) with
over 40 years of wellbeing application over a broad range of reservoir conditions. It is
one ofthe chemical injection methods in which the polymer is dissolved in the injected
water to increase the viscosity and enhance the efficiency of sweep in the hydrocarbon
reservoir in order for the ease of pumping to the surface. A typical polymer flooding is
involving mixing and injection ofthe polymer depending on the time until it reaches at
least 30% of the pore volume of reservoir has been injected. The polymer is then
continues to a long-term water flooding to brings out the polymer slug and the oil bank
in front of it towards the production wells ("Enhanced Oil Recovery," 2013).
CHEMICAL FLOODING
(Polymer)
The mettod shown requires a preftvsh to condition the reservoir, the injection of a polymer
sotubon for mobMy sonkoi to nunnnze chartneenc,, and a dnwng K*d (water) to move
tie polymer solution aid resutng al sank to proQucton wees
crt*/w& •» **1u j»' wxJtng fl nj*am1 towmrtY mil it ft*. | s*oc F'a*er» !»w
Figure 1: Polymer Flooding Process(Lindley, 2001)
Dilute partially hydrolyzed polyacrylamide (HPAM) acts as viscosifier in polymer
flooding since it is widely used in the EOR field. The properties ofthe polymer solution
are important since it is widely used in all applications especially in pipeline industry. In
fluid flow operations such as multiphase crude oil transportation, drag reduction leads to
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an increased efficiency of operation during its transportation. Present study was carried
out with a polymer additive (HPAM) as a drag reducing agent in oil and gas engineering









Figure 2: Enhanced Oil Recovery (About Polyacrylamide, 2012)
The science of rheology in polymer is concerned with the deformation and flow of
matter and describes the interrelation between force, deformation and time. The term
comes from Greek rheos meaning to flow (Adebowale, 2013). The measurement of
rheological properties is applicable to all materials - from fluids such as diluted
solutions of polymers and surfactants, to semi-solids such as pastes and creams, as well
molten and solid polymers. Fluid rheology is used to describe the consistency of
different products, normally by the two components that include viscosity and, which
relates to the resistance to flow or its 'thickness'; and elasticity that is associated to its
structure or 'stickiness'. Most rheological tests involve applying a force to a material
and measuring its flow or change in shape (McClements, 2003). Many research have
been done to understand the rheological behavior of HPAM since it is broadly used in
pipeline and the field ofoil and gas to enhance the viscosity ofthe transported liquid. In
this research study, the rheological properties and behavior of HPAM is investigated
further to see how it is affected on various conditions.
1.2 Problem Statement
Most ofthe studies carried out on rheological properties ofHPAM that are aiming on the
behavior in different temperatures prove that change at different temperatures affect the
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rheotogical properties. However, the studies that investigate on how modulus behavior
reflects through viscoelasticity and the strength of HPAM are very scarce. In addition,
effect of storage period may affect the viscoelasticity of HPAM
solutions as welL
In order to know the improvement on HPAM behavior in EOR, this project paper was
done to investigate on the rheological properties and modulus behavior effects
subjected to:
♦ Master Concentrations ofHPAM solution (ppm)
♦ Diluted Concentrations ofHPAM solution (ppm)
♦ Effects ofhydration period for both master and diluted concentrations
Rheological properties and modulus behavior effect subjected to its various
concentration and time of hydration are expected to overcome this issue. The study on
the polymer solution strength through the modulus behavior implies on how the strength
of the polymer solution is affected through the implication of the shear and elastic
moduli. The measurement of modulus behavior and rheotogical properties of any
polymeric material is crucial in order to gain fundamental understanding ofthe process
ability ofthat material.
13 Objectives & Scope of Study
Those parameters will be prepared to analyze the data on shear and elastic moduli
profile. The main apparatus in this experiment is Bohlin Gemini II rheometer which
offers complete rheological assessment with the flexibility to configure and optimize test
conditions for all materials and application area. An experimental study will be
conducted to investigate the rheotogical effect of shear and elastic moduli subjected to
concentration and time of hydration difference of HPAM in a closed room temperature
of 25°C. The test is done only at 25°C and not on the reservoir condition because the
solvent trap located in the rheometer that can alter the temperature difference is not
available during the project duration.
1.4 Relevancy ofthe Project
Polymer in oil and gas industry has become an essential element and many study and
investigation have been done to maximize and varies the production of polymer
material. Understanding the rheological properties enables us to optimize their process
conditions, thus saving costs and potential waste. This also will introduce and describe
more on the rheological theory ofpolymer fluids.
1.4.1 Feasibility of the Project
This project is involving project planning and experimental work stages. Research on
work flow and preparation of the master concentration according to the difference in
time ofhydration at the a constant temperature will be done according to reliable sources
such as previous findings, journals, articles, websites and related documents to prepare a
good planning for the project. The theories and concept ofthe parameters involved in the
experiment also will be emphasized in this study.
1.4.2 Significance of the Project
One key that makes polymer flooding is the most widely used chemical EOR techniques
is hs viscoelasticity. Viscoelasticity defined as a material that exhibit both viscous flow
and elastic deformation. Viscoelasticity contribute towards improved displacement
efficiency & oil recovery in polymer flood operations (Veerabhadrappa, 2012).
However, the contribution of elasticity of viscoelastic polymers in various
concentrations and the hydration period still remains largely unexplored. Hence,
understanding the rheotogical properties and modulus behaviour is important to get the
best out ofviscoelastic polymers that can result in better oil recovery performance.
CHAPTER 2: LITERATURE REVIEW
2.1 Partially Hydrolyzed Polyacrylamide Solution
Partially Hydrolyzed Polyacrylamide (HPAM) solution is a linear copolymer of sodium
acrylate and acrylamide monomer that was prepared by free radical polymerization. It
contains amide groups (-CONH2) and carboxylic groups (-COOH).This polymer is
supplied in solid and liquid form. Since PAM is a highly water absorbent, there are
certain periods of time needed for this polymer to be hydrolyzed to ensure the results is
efficient on its applications. Polyacrylamide (PAM) and partially hydrolyzed
polyacrylamide (HPAM) are synthetic, water-soluble polymers, showing unique shear-
thickening properties.
HPAM solutions are broadly used as polymers for enhanced oil recovery, where the
employment ofthis polymer as drag reducers becomes a current practice in the chemical
industry. HPAM solutions are also used as polymers for water-based drilling mud that
have proved effective and versatile for inhibiting troublesome shale formations(Kadaster
et al., 1992). Another common use of polyacrylamide is in subsurface applications such
as enhanced oil recovery, where high viscosity aqueous solutions can be injected to
improve the economics ofconventional water flooding (About Polyacrylamide, 2012).
CH2 —CH CH2 CH
OO C=0
I I
NH2 O-K* or Na+
Figure 3: Structure of HPAM (Gao, 2013)
Ferreira and coworkers (Ferreira et al, 2006) made a research to find the potential major
drag reduction mechanisms which evaluating the rheological behavior of HPAM
(another commercial name of HPAM in oil and gas industry) and xanthan and diutan
gums solutions that have drag reduction characteristics. It is expected that these
polymers present a good drag reduction potential.
All these polymers are evaluated as drag reducers in a pressure drop flow loop. The final

























Figure 4: Viscosity curves for all polymers available (Ferreira et al., 2006).
Figure 4 shows the viscosity curves for the three polymers evaluated at same
concentration and temperatures. It can be observed that, at low shear rates (10s"1), the
viscosity of HPAM is always higher than the diutan and xanthan gum. With the
increasing ofthe shear rate, HPAM presents higher viscosifying capacity (Ferreira et al.,
2006).That is the reason HPAM is broadly used in enhanced oil recovery. The proposed
methodology proved to be adequate to evaluate rheology and drag reducing potential of
polymeric solutions.
Another study of polymer flooding has been reported. Smith (Smith, 1970)which
investigated the behavior ofHPAM solutions in porous media on one class of HPAM
that apparently is being tested widely as an additive for injection water. The
investigation surveys some ways in which polymer solution properties are affected by
polymer molecular weight, rock and fluid properties, flow rate and temperature. Results
of laboratory tests show that the extent of polymer adsorption from solution may be
quite high ifthe solution is very saline or is in contact with carbonate rock. They also
suggested that solution salinity, flow rate, rock pore size and polymer molecular weight
greatly influence the reduction of mobility and permeability by polymer solution
(Ferreira et al., 2006).
In this study, an experimental work needed to be carried out to provide a comprehensive
and wide-ranging study of rheotogical properties of HPAM solution. Polymer used in
this study case is ZETAG 4120 (the commercial name ofHPAM) which consists of25%
ofpolyacrylamide and 75% sodium acrylate. HPAM has been diluted with water to a
concentration of 10, 20, and 50ppm within the temperatures at 25, 50, and 70°C. This
various concentration and temperature measurement test were conducted to characterize
the rheological behavior ofHPAM in terms ofelastic modulus and shear rate. In dilute
HPAM solutions, factors like temperature and concentrations affect the shear and elastic
moduli, shear stress and yield stress response, and shear thickening and shear thinning.
2.2 Viscosity& Rheology
Figure 5: Different types of Viscosity
Viscosity is a measure ofa fluid's resistance to flow. It describes the internal friction ofa
moving fluid. A fluid with large viscosity resists motion because its molecular makeup
gives it a tot of internal friction.
Lewandowska (Lewandowska, 2007) describes her experimental results of rheotogical
characteristics of polyacrylamide (PAM) and of partially hydrolyzed polyacrylamide
(HPAM) (degree of hydrolysis up to 80%) in aqueous and aqueous/sodium chloride
solutions with changing experimental conditions such as polymer concentration,
temperature, solvent quality, and shear rate applied. She observed that the all-aqueous
and aqueous/NaCl solution of PAM and of HPAM exhibited the non-Newtonian
behavior with shear thinning and shear-thickening areas.
Many workers use the variation in rheological properties, namely solution viscosity to
determine concentration. Another research about the viscosities of HPAM solution over
a narrow temperature interval has been reported by Mungan (Mungan, 1968). He finds
that the reduction in polymer solution viscosity is due simply to the reduction of the
viscosity ofwater as the temperature raised.
Progress in both theoretical and experimental work on the viscosity characteristics of
dilute polymer solutions has led us to the clarification of problems ofthe viscosities of
concentrated polymer solutions, because the flow properties of these concentrated
solutions involve many important problems. In developing these theories, Agboola et al.
(Sadiku-Agboola et al., 2011) have attributed the enormous increase in the viscosity
with increasing concentration to the formation of intermolecular linkages between
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Figure 6: Viscosity as a function of shear rate for aqueous solutions of PAM of different molecular
weights at a given concentrati on (Sadiku- Agboola et al., 2011).
The results from rheotogical investigations provide the mathematical description ofthe
viscoelasticity behaviour of matter. Rheology analysis of polymers are including
changes with temperature, concentrations, deformation rates, viscoelastic response as
well as shear and elastic moduli in the analysis of all polymer types and formulations
(Sadiku-Agboola et al., 2011).
A few researches also have been reported on the characterization of the elastic
component of polymer solution. Yen et al., 2003 (Yen & Yang, 2003) studied the
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rheological behavior of polyacrylamide solution in the presence ofvarious metal ions.
The effect of temperature and types of metal ions on the rheological behavior of
polyacrylamide-metal solution was systematically studied by using the power equation
in the temperature range of20-50°C and at polyacrylamide concentration of0.5 wt%.
The results indicated that the transition metal ions have a stabilizing effect on the
viscoelasticity ofPAM solution and the effect was proportional to the radius ofthe metal
ion. It was found that greater shear stress ofthe polymer solution occurs in the presence
ofmetal ions than with pure polyacrylamide solution (Yen &Yang, 2003). The authors'
then compared the results of the rheological behavior of polyacrylamide-metal ion
solution and theeffect of temperature, asdepicted inthe figures below:
200 300 400 900 t
Shear rale (*'/ Shear rata (*')
Figure 8: Dependence of shear stress on the pjgure 7. Dependence ofshear stress on the shear rate
shear rate for polyacrylamide solutions with for poiyacrybniide-Fe+2 solution (Yen & Yang,
different metal ions at 20 °C(Yen &Yang, 2003). 2Q03^
Fig. 7 shows the experimental results obtained for the polyacrylamide solutions at the
concentration of 0.5 wt% containing three metal ions, indicating that the shear stress
increases with increasing shear rate. The rheological behavior of polyacrylamide-iron
ion solutions, which contained 25% mol ratio of iron tons to acrylamide units, was
studied in the range 20-50 °C at0.5 wt% polyacrylamide concentration as shown in
Fig. 8. It can be seen that at higher temperature, shear stress decreased and at higher
shear rate, shear stress increased. Similar results were observed with other metal ions,
for example Ni2+ and Cu2+. From the experiments, it was found that the polyacrylamide-





Viscoelasticity is a combination of viscosity and elasticity in varying amounts or
mechanical characteristics exhibiting viscous flow and elastic deformation. Polymer
solutions have very essential applications in the enhanced oil recovery and pipeline
industry due to their unique viscoelastic properties related to shear modulus and elastic
modulus. All materials have three categories of rheological behavior:
1) Viscous materials : all energy added is dissipated into heat
2) Elastic materials : all energy added is stored in the material
3) Viscoelastic materials : exhibit viscous and viscoelastic behavior
The phenomenon of tong-term viscosity decrease of aqueous polyacrylamide solutions
has been investigated with regards to its molecular origin. Zhao Feng et al. describe the
characterization of viscoelastic properties of hydrolyzed polyacrylamide using the stress
recovery experiment. In this study, the viscoelastic properties of partially hydrolyzed
polyacrylamide (HPAM) solution have been investigated. Fig. 9 is plots of the shear
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Figure 9: Plots of stress recovery curve for HPAM solution at various concentrations* Zhao et aL,
2004).
Results show that the viscoelastic properties of HPAM increase with HPAM
concentration increasing (Zhao et al., 2004). The characterization of the viscoelastic
properties of HPAM solution using the shear stress recovery experiment is very
convenient. The concentration show better results on the strength of viscoelastic
properties with the increase ofHPAM concentration.
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2.4 Shear and Elastic Modulus
Normal stresses will appear when shearing a viscoelastic fluid and can result in different
flow behavior from Newtonian fluids. For design ofproducts, rheometric measurements
are made to create the properties ofelastic material such as yield value and gel strength.
When oscillatory shear measurements are performed in the linear viscoelastic regime,
the storage modulus G' (elastic response of HPAM) and loss modulus G" (viscous
behavior ofHPAM) are independent ofthe strain amplitude ("Rheology," 1998).
Shear modulus or modulus of rigidity is a ratio coefficient of elasticity for a shearing
force. It can be describes as:
™ ,. , , ^ ShearmgStress
Shear Modulus,G =
ShearingStrain
The unit of shear modulus isnormally used as Newton permeter square Nm"2 and Pascal
(Pa).
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2.4.1 Storage (Elastic) and Loss (Viscous) Modulus
Phase angle 0: 5 90
Figure 10: Strain Sweep
A large value of G' determines elastic gel properties ofthe polymer being analyzed. A
phase angle, 6 of 0° means a perfectly elastic material (storage modulus) and at 90°
means a perfectly viscous material (toss modulus). Frequency gives some information
about the gel strength as (Alcantara, 2013):
1) G' large slope curve determines the low strength and
2) G' small slope curve determines the high strength
The study ofeffects ofpolymer elasticity on enhanced oil recovery by core flooding and
visualization experiments were carried out by (Veerabhadrappa, 2012) is very significant
in investigating the shear and elastic modulus as well as loss and storage modulus of
HPAM(Khan et al., 2009)(Khan et al., 2009) (Khan et al., 2009). Radial core
experiments were conducted with seven HPAM samples having different average
molecular weight. In this study, he conducted a frequency tests on HPAM samples at a
range of frequency from 0.01 Hz to 1 Hz to observe the viscous modulus and elastic




Mass Fraction of HPAM Grades Ava Molecular
Weight (JMW.f)3630 3330 3130 AB005
HPAM i 0 0 1.0 0 2 000E-06
HPAM 2 on 0.15 041 0.33 2 00SE-06
HPAM 3 0.25 0.00 0.35 0.40 2 043 E-06
HPAM 4 0.20 0.16 0.15 0.49 2 006E-06
HPAM 5 0 1.0 0 0 S000E-06
HPAM 6 045 0.25 030 0 SOOOE-Oo
HPAM 7 0.59 0.19 0.05 0.17 S.000E-06|










































Figure 12: Elastic Modulus vs. Angular Frequency for HPAM-1 to HPAM-7 (Veerabhadrappa,
2012).
Viscous Modulus vs. Angular
Frequency
HPAM-5 to 7 with higher AMW are
greater than HPAM-1 to 4 with
low AMW.
HPAM with higher AMW will have
higher viscous modulus .
Elastic Modulus vs. Angular
Frequency
Even same AMW, HPAM-7 has the
highest elasticity
(Veerabhadrappa,2012).
Table 2: Results of Viscous Modulus and Elastic Modulus vs. Angular Frequency
The cumulative and breakthrough oil recovery analysis provided a good measure of
polymer screening based on average molecular weights of polymers. Results from the
radial core flooding experiments show that higher recovery can be achieved with
polymers having higher elasticity.
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The frequency sweep test measures viscoelastic properties of tested materials as a
function of frequency has been done by Shaw and MacKnight (Shaw & MacKnight,
2005). During the test, a varying frequency is applied on tested samples with a constant
value of stress. The test consists of the delay and sampling intervals: frequency is
applied during the delay time and the phase shift 8 between the stress and the strain as
well as thecomplex modulus G* ismeasured. The complex modulus isgiven by:
G* = G' + iG" = —
am
The elastic modulus G' is usually referred to as the storage modulus to describe the
elastic storage of energy, because strain is recoverable in elastic materials. The viscous
modulus G" is referred to as toss modulus to describe the viscous dissipation or toss of
energy due to permanent deformation in flow.
The parameterG and G"(Shaw & MacKnight, 2005) are given as follows:
G = G* cos S = — cos S
Where;
Ym • amplitude ofapplied strain
cm = stress related nearly to strain
G = G*sinS = —sm6
2.4.2 Oscillation Tests
Oscillation tests provide important information related to the viscoelasticity of polymer
solutions. Through these tests, it gives a clear indication ofthe behaviour ofthe sample
17
which can determine whether viscous nature or the elastic nature of polymer is
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Figure 13: Graph ofG' and G" (Pa) vs Angular Frequency (rad/s)(Veerabbadrappa, 2012).
Figure 13 shows the viscous modulus and elastic modulus of HPAM-4 and the cross
over point (Veerabhadrappa, 2012). From the literature (Meng et al., 2008), the G' and
G" increase with polymer concentration and viscoelasticity becomes more prominent. A
cross-over point present in the graph plotted where the corresponding frequency is called
the specified frequency (SF). The SF moves to lower frequency as the concentration of
HPAM increases when the angular frequency is less than SF, thus G" is greater than G\
i.e. viscous effect is more dominate. When the angular frequency is more than SF, G' is
greater than G" which implies that the elastic effect is more dominating.
From all the research, the applications of HPAM throughout various industries are
broadly used especially in investigatingthe rheological behavior ofHPAM i.e. viscosity,
18
viscoelasticity, and shear and elastic modulus. However, the viscoelasticity of HPAM is
affected by the concentrations ofmaster and dilute solution and different temperatures is
not yet being investigated very specifically. To clarify on the stated matter, further
research and investigation on rheological properties ofHPAM is important to ensure the
best decision has been made.
Table 3 summarizes the previous work done by the researchers and the analysis towards




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































This chapter will discuss the detail explanation of methodology that is used upon
completing the project. A master solution is a concentrated solution that will be diluted
to a lower concentration for definite use. In this project, both master solution and diluted
solution will be used to measure the viscoelasticity of HPAM in different time of
hydration. A cone-plate method of rotational viscometry is used in this experiment to
analyze the viscoelasticity of HPAM respectively. The experimental procedure of the
preparation method is as follows:
Research on Rheology of Partially Hydrolyzed Polyacrylamide (HPAM)
Preparation on Master solution concentration of HPAM
Prepare Diluted solution concentration from master solution
Setting constant temperature of rheometer at 25°C





3.2 HPAM Master Solution Preparation
Three master solution concentrations at 700ppm, 500ppm, and 300ppm of HPAM are to
be prepared for this experiment. The method ofmixing is being applied:
a) ZETAG 4120 powder (the commercial name ofHPAM) is sprinkled evenly on a
flat bottom tank.
b) 10 liters ofDI (deionized) water is poured inside the tank at once, allowing the
polymer to be dispersed around the tank.
c) The sprinkle powder and DI water will be mixed and then allowing the solution
to be placed for 24 hours at room temperature.
d) Figure 14 illustrates the preparation ofmaster solution method.
ZETAG 4120 is sprinkled evenly ontothe
bottom ofthe tank
f f f ft
*
1
The solutton is left at room temperature for
24 hours with tank covered
Water is then poured inside the tank,
allowing polymerto be dispersed
Agitation is done for 2 hoursat 50 rpm
using a three blade propeller
V.
Figure 14: Polymer Master Solution Preparation
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Dispersing polymer powder at bottom of the tank and pouring water above it will
produce a uniformly-distributed polymer viscosity. Both components of powder and
water can be mixed properly and uniformly during process ofagitation using three blade
propeller.
The solution is stirred for 2 hours at a low speed of50 rpm constantly. The high speed of
stirring can avoid high shear rate that can cause the solution to degrade or damage
through scissoring ofpolymer chains. The solution is then placed in the conical flask,
covered and left for a day, a week and a month to allow the process ofhydration on the
solution and to avoid any impurities contaminating the solution.
3.3 Dilation from Master Solution
After 24 hours process of hydration, the master solutions will be diluted to lOppm,
20ppm, and 50ppm solutions respectively using DI water. Dilution calculations mainly
involve figuring out the final concentration or volume (depending on what's given and
what's known) after a volume orconcentration has been changed.
Dilution process is done to stimulate the exact concentration injected to the pipeline
during drag reduction process and dilution equation follows the relation given below:
cmvm = cdvd
Where,
Cm ** concentration ofmaster solution (ppm)
Cd • concentration ofdilute solution (ppm)
Vm • volume ofmaster solution required for dilution (L)
Vd « volume of dilute solution (L)
24
Table 4: Amount of Dilution Concentrations from Master Solutions
Master Concentration (ppm) Dilute Concentration (ppm)
700 10, 20, 50
500 10, 20, 50
300 10, 20, 50
After preparing diluted solution for three respective concentrations for each master
solution, each ofthe dilution solution will be tested using Bohlin Gemini 2 rheometer to
identify the viscoelactichy characteristics as well as their respective rheological
properties and behavior.
3.4 Laboratory Testing & Measurement
A rotating rheometer introduced in this experiment will be Bohlin Gemini 2 rheometer as
shown in Figure 15 that will measure, test, and analyze data on the viscoelasticity and
rheological properties for both master solution and diluted solutions. This rheometer is
optimized for both strain controlled and stress controlled operation.
Table 5 represent four modes that operating in Bohlin Gemini 2 rheometer shown below:





Measures the dynamic viscous, G" and elastic, G'
properties and phase angle as a function of frequency in
Hertz (Hz)
Viscometry Measures viscosity as a function ofshear stress, a or shear
rate, y
Relaxation
Measures relaxation modulus (step strain experiment
changes) as a function oftime in second (s)
Creep and Creep
Recovery
Measures the creep compliance and compliance resurgence
as a function oftime in second (s)
In order to evaluate these polymer solutions of 300, 500, and 700ppm as well as their
respective dilution in elastic and viscous modulus, the rheometer is set as Oscillation
Test. It is conducted at Biohydrogen Lab at block P, Universiti Teknologi Petronas.
25
Figure 15: Bohlin Gemini 2 II rotational rheometer
By conducting the rheometer test, temperature of25°C will be selected to determine the



































































































































































































































































































































































































































































































































































































CHAPTER 4: RESULTS AND DISCUSSION
The rheometer software that measured using the cone and plate geometry was set as the
'oscillation test'. The plates used are ETC cone 5.4°/40mm for more viscous (master)
solution and 2.5725mm for less viscous (dilute) solution. The resuhs between master
and dilute concentrations as well as the time of hydration were compared to study the
rheological properties ofHPAM. The suggested hydration times are one day, one week,
and one month.



























The resuhs obtained from Figure 16, Figure 17, and Figure 18 shown is the rheological
properties of the master solution of 700ppm, 500ppm and 300ppm at constant
temperature of25°C. All three HPAM solutions exhibit elastic and viscous modulus
behavior. Within one day ofhydration, the concentration affects the value ofG' and G"
(Pa).
Figure 16, Figure 17, and Figure 18 represent each ofthe modulus profile of700ppm,
500ppm and 300ppm proved the higher value ofG" than G\ In terms ofviscoelastic
properties, this polymer solution represent towards viscous rather than elastic properties.
Meanwhile, the master solution of700ppm and 300ppm had higher value ofG" which is
more than 3 kPa compared to 500ppm which the value of G" is below 3 kPa. The
intersection of the viscous, G" and elastic modulus, G' in the graphs signifies the
relaxation time occurs at the moment. Relaxation time is the time constant of a curve
system to return to equilibrium after an interference with the polymer chains. From this
experiment, it happens in between approximately 79.12 to 82.15 Hz within 12 minutes
of oscillation test. During that time, the polymer solutions behave more likely to
viscoelastic properties.
For all solutions of 700ppm, 500ppm, and 300ppm, the viscous characteristic was. more
prominent compared to elastic recovery during flow. The polymer solutions were having
high viscosity and consequently these solutions need a very huge amount ofstress to
cause the strain to be in a small amount.
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4.2 Comparison of the Elastic Modulus, G' and Viscous Modulus, G" of the

















Figure 19: Elastic Modulus, G' profile ofHPAM master solutions at one day hydration
Figure 19 elaborates more on the elastic behavior ofthree master solutions. The G' value
for 700ppm, 500ppm and 300ppm HPAM solutions had rapid increasing at
approximately 79.12 Hz, where the viscoelasticity deformation occurs at this point
throughout time. For SOOppm, the value ofG' was quite high to be compared with other
master solutions and this shows that the 500ppm exhibit towards elastic behavior than
the other two master solutions. Meanwhile, the value of G' for 700ppm solution behaves











Figure 20: Viscous Modulus, G" profile ofHPAM master solutions at one day hydration
Based on Figure 20, the graph plotted demonstrate more onthe viscous behavior of three
master solutions, which is the G" value for 700ppm, 500ppm and 300ppm HPAM
solutions also increased at approximately 50 Hz, same as in Figure 19, where the
deflection occured at this point throughout time. This time G' value of 300ppm was
higher to be compared with other master solutions and this shows that the elastic
behavior of 300ppm was significant than the other two master solutions. The viscous
behavior was prominent for both of 700ppm and 500ppm solutions. However, from the
data given from rheometer, the value ofthe solution of 700ppm at 100 Hz shows higher
value ofG" followed by 500ppm.
Frequency, Hz Viscous Modulus, G" (Pa)
700ppm 500ppm 300ppm
100 3041 2929 3096
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4.3 Comparison between diluted solutions from 700ppm at various time
hydration





























Figure 23: G* and*G"profile ofHPAM diiuted solutions of50ppm from 70©mmrmaster solution
From Figure 21, Figure 22, and Figure 23 shown, the diluted solution lOppm of
700ppm, 500ppm, and 300ppm had higher G" value than G' after one day left for
hydration. The graph plotted can be concluded that all diluted solutions from 700ppm
represent more viscous properties than elastic properties. In comparison between all the
diluted solutions in terms of viscous behavior, lOppm solution behaves more towards
viscous properties followed by50ppm solution.
35







































Figure 26: G' and G" profile of HPAM diluted solutions of 50ppm from 700pp m master solution
Meanwhile from Figure 21 to Figure 26 shown, the diluted solution lOppm of 700ppm,
500ppm, and 300ppm had higher G" value than G' after one week left for hydration. The
graph concluded that all diluted solutions from 700ppm represent more viscous
properties than elastic properties. In comparison between all the diluted solutions in
terms of viscous behavior, lOppm solution behaves more towards viscous properties
followed by 50ppm solution.
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Figure29: G'andG" profileof HPAM- diluted somtfrnra of SOppmfrom TBSppw master solution
o 20 40 60
Frequency, Hz
Figure 28, and Figure 29, the diluted solution lOppm of 700ppm, 500ppm, and 300ppm







that all diluted solutions from 700ppm represent more viscous properties than elastic
properties. In comparison between all the diluted solutions in terms of viscous behavior,
50ppm solution behaves more towards viscous properties followed by lOppm solution.
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4.4 Comparison between Elastic Modulus, G' and Viscous Modulus, G" of
master solutions at various time of hydration









Figure 30: G' profile of HPAM master solutions of 700ppm at various time of hydration
20 40 60
Frequency, Hz












Figure 32: G' profile of HPAM master solutions of300ppm at various time ofhydration
Based on the resuhs of elastic modulus with function of frequency at different time of
hydration shown in Figure 30, Figure 31, and Figure 32, the HPAM solution of 500ppm
solution shows higher G' value in 24 hoursofhydration period compared to other master
solutions. A high value ofG' signifies the elastic properties ofthe polymer solutions.
Figure 30 represent the elastic modulus of 700ppm master solutions that showing
increased elastic recovery after one week hydration. Meanwhile for Figure 31 and Figure
32, the master solution of 500ppm and 300ppm shows higher elasticity behavior after
only 24 hours hydration time. The elastic modulus value lor both master solutions
decreased after one week hydration at a frequency of 100 Hz.
For overall results of G' profile, the elastic effect was dominated in the master solution
of500ppmwhich performs more elastic behavior than the other solutions.
42
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Figure 35: G" profile of HPAM solutions for JOOppm at various time of hydration
Based on the results of different time of hydration shown in Figure 33, Figure 34, and
Figure 35, the HPAM solution of 700ppm and 300ppm solution shows higher G" value
compared to 500ppm master solutions. A high value of G" signifies the viscous
properties ofthe product.
Figure 33 shows that G" value has slightly increased after one week hydration period.
After one month, the value ofG" is then decreased back to the original value ofone day
hydration.
As seen from Figure 34, the viscous behavior for 500ppm solution exhibit more within
24 hours. After one week and one month left, it's G" properties has decreasing around 1
kPa. Meanwhile for 700ppm and 300ppm master solutions, the value of G" experience
slightly increases after one week hydration at a frequency of 100 Hz.
From Figure 35, the viscosity characteristic rising approximately around 0.25 kPa after
the solution was left for one week. After one month hydration, the value falls due to the
degradation of the polymer solutions. Theoretically, most of the polymer solutions
including HPAM will degrade after left more than 2 or 3 days.
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CHAPTER 5: CONCLUSION &RECOMMENDATION
5.1 Conclusion
investigation on the rheology behavior of HPAM to study the effect of viscous and
elastic moduli subjected to:
♦ Master solution concentrations
♦ Diluted solution concentrations from master solutions
♦ Hydration time difference (one day, one week, and 1month)
is accomplished. HPAM must maintain high viscosity to achieve good oil recovery and
fluid phase flow transportation. Resuhs indicated in Chapter 4conclude that the study on
the rheological properties through the viscous and elastic moduli of various master and
diluted concentration in addition to the hydration time is accomplished. From the
experiment, all master and dilute solution shows elastic and viscous behavior in different
time ofhydration.
Based on the findings of various master and dilute HPAM solution concentrations, h
is proved that the hydration period affect the strength ofthe polymer solution. However,
the resuhs are not same as stated in the literature review studied by Zhao and his
coworkers (Zhao et al., 2004). The results of their paper indicates that the higher the
concentration, the higher the value of viscoelasticity. The data analysis on the rheology
ofHPAM (or ZETAG 4120) show that these polymer solutions increases the viscosity of
injected water, reduces the mobility ofwater, and achieves amore stable displacement in
predicting its performance and efficiency in EOR and flow enhancing process. All
polymer solutions samples investigated behave more towards viscous solution than




In this project, the results ofall master and dilute solutions from different time ofstorage
were not as the same as the literature review as mentioned in Chapter 2. The
experimental values cannot predict the theoretical experiment done by the researches of
(Zhao et al., 2004) whom suggest that the viscoelasticity behaviour of HPAM solution
increases with the increasing concentration ofthe polymer solution.
This phenomenon was affected mostly by the handling of the polymer solutions. The
main effect is the temperature room effect since the temperature setting at 25°C
sometimes is not very consistent as it keeps changing at around ±2% even in a closed
room. This is because there is no solvent trap available at the moment during running the
experiment. The solvent trap can distinguish the difference in temperature of the test
samples. Plus, the resuhs ofthe study can be extended by using different temperature
setting on the rheometer using a solvent trap to evade other vibration or any temperature
disturbance outside that may affect the test to run smoothly. Some ofthe master and
diluted solution is left more than 24 hours hydration time due to time conflict with
another commitment. Therefore, the accurate timing must be set up to ensure that the
solution is left atexact 24 hours, one week and one month hydration period.
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APPENDICES
Graph Obtained from Bohlin Gemini II Rheometer at One Day Hydration
Figure 36: G' and G" profile vs frequency of 300ppm master solution
Figure 37: G' and G" profile vs frequency of 500ppm master solution
Figure 38: G' and G" profile vs frequency of 700ppm master solution
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Figure 40: G' and G" profile of HPAM diluted solutions of 20ppm from SOOppm
Figure 41: G' and G" profile of HPAM diluted solutions of SOppm from SOOppm
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Figure 42: G* and G" profile of HPAM diluted solutions of lOppm from 700ppm
Figure 43: G' and G" profile of HPAM diluted solutions of 20ppm from 700ppm
Figure 44: G' and G" profile of HPAM diluted solutions of SOppm from 700ppm
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Graph Obtained from Bohlin Gemini II Rheometer at One Week Hydration
Figure 45: G' and G" profile vs frequency of 300ppm master solution
Figure 46: G' and G" profile vs frequency of SOOppm master solution
Figure 47: G' and G" profile vs frequency of 700ppm master solution
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Figure 48: G' and G" profile of HPAM diluted solutions of lOppm from SOOppm
Figure 49: G' and G" profile of HPAM diluted solutions of 20ppm from SOOppm
Figure 50: G' and G" profile of HPAM diluted solutions of SOppm from SOOppm
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Figure 51: G' and G" profile of HPAM diluted solutions of lOppm from 700ppm
Figure 52: G' and G" profile of HPAM diiuted solutions of 20ppm from 700ppm
Figure 53: G' and G" profile of HPAM diluted solutions of SOppm from 700ppm
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Graph Obtained from Bohlin Gemini H Rheometer at One Month Hydration
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Figure 56: G' and G" profile vs frequency of 700ppm master solution
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Figure 57: G' and G" profile of HPAM diluted solutions of lOppm from SOOppm
Figure 58: G' and G" profile of HPAM diluted solutions of 20ppm from 500ppm




















:G' and G" profile ofHPAM diluted solutions of 20ppm from 700ppmFigure 61
Figure 62: G1 and G" profile of HPAM diluted solutions of SOppm from 700ppm
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NATIONAL OILWELL VARCO
Material Safety Data Sheet
PHPAL
PRODUCT AND COMPANY IDENTIFICATION
Product Name: PHPA L
Chemical Name: PARTIALLY HYDROLIZED POLYACRYLAMIDE
Chemical Family: SODIUM ACRYLATE & ACRYLAMIDE
Chemical Formula: PROPRIETARY
Synonyms: DRILL P, PHPA
Date Revised: 7/2010
CAS#: NDA
NFPA Properties: Health: 0 Flammability: 1 Reactivity: 0
Supplier:
NOV FluidControl
4310 N Sam Houston Parkway East





CHEMTREC: 1-800-424-9300 or International +1-703-527-3887
HAZARDOUS aMGREDIENTS/IDENTITY INFORMATION
TLV's (ACGIH)















Solubility in Water: SOLUBLE






Activity: 87-90 BY WT%
LC50: NDA
LD50: NDA
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NATIONAL OILWELL VARCO
PHPAL Material Safety Data Sheet
IV. FIRE& EXPLOSION HAZARD DATA _




Flash Point °F: N/A
Flammable Limits: N/A LEL: N/A UEL: N/A
Soecial Firefiohtinq Procedures: FIREFIGHTERS SHOULD WEAR PROPER PROTECTIVEioWPMENT9ANDS^ELFCONTAINED (POSITIVE PRESSURE IF AVAILABLE) BREATHING
APPARATUS WITH FULL FACEPIECE.
Unusual Fire &Explosion Hazards: NONE
Toxic Gases Produced: CARBON MONOXIDE, CARBON DIOXIDE
HEALTH HAZARD DATA
Routes of Entry: Inhalation: YES Skin: YES
Effects ofOverexposure: DUST MAY IRRITATE EYES ORSKIN.
Toxicological Properties: NDA
Chronic &Acute Effects of Overexposure. NDA
Carcinogenicity. NTP: NO IARC Monographs: NO
Emergency First Aid Procedures
Eyes IMMEDIATELY FLUSH WITH LARGE QUANTTP ES OF WATER FOR AT LEAST 15 Ml NUTES
AND CALL A PHYSICIAN.
Skin Contact: FLUSH WITH LARGE AMOUNTS OF SOAP &WATER FOR 15 MINUTES.
Inhalation: REMOVE TO FRESH AIR, IF BREATHING IS DIFFICULT, GIVE OXYGEN AND CALL A
PHYSICIAN.





Hazardous Polymerization: WILL NOT OCCUR
Hazardous Decomposition Products: CARBON MONOXIDE, CARBON DIOXIDE, OXIDES, SMOKE,
FUMES
Conditions To Avoid:
Incompatibility and Materials to Avoid: NDA
D4A2001140RevO2
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NATIONAL OILWELL VARCO
PHPAL Material Safety Data Sheet
VII. SPILL & DISPOSAL PROCEDURES
Steps To Be Taken in Case Material is Released or Spilled — Procedures For Clean - Up: WEAR
SUITABLE PROTECTIVE CLOTHING. SWEEP UP WITH CLEAN EQUIPMENT AND PLACE IN
APPROPRIATE CONTAINER. HYDRATING THIS MATERIAL WILL PRODUCE AN EXTREMELY
SLICK/SLIPPERY SURFACE.
Waste Disposal Method: DISPOSE OF IN ACCORDANCE WITH ALL APPLICABLE FEDERAL,
STATE AND LOCAL REGULATIONS.
Precautions To Be Taken In Handling & Storage: NONE
VIII. PROTECTIVE EQUIPMENT
IX
Ventilalion Type Required: MECHANICAL
Protective aoves: RUBBER OR PLASTIC




REGULATORY & TRANSPORTATION INFORMATION
US DOT Proper Shipping Name: "OIL - WELL TREAT! NGCOMPOUND"







Regulated by DOT: NO
DISCLAIMER:
Although the information and recommendations set forth herein (hereinafter "Information") are presented
ingood faith and believed to be correctas of the date hereof, NOV FluidControl, makes no representations
as to the completeness or accuracy thereof. Information is supplied upon the condition that the person
receiving this MSDS will make own determination as to its suitability for their imended purpose prior to
use. Since the product is within the exclusive control of the user, it is the user's obligation to determine
the conditions of safe use of this product. Such conditions should comply with all Federal Regulations
concerning the Product. NO REPRESENTATIONS OR WARRANTIES, EITHER EXPRESS OR IMPLIED, OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR ANY OTHER NATURE ARE MADE
HERUNDER WITH RESPECT TO INFORMATION OR THE PRODUCT TO WHICH INFORMATION REFERS.
For further information contact:
D4A2001140Rev02
NOV FluidControl
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